The extension of the waste input-output (WIO) model to analyze households' sustainable consumption patterns is presented in this article. We estimate direct and indirect emission loads induced by household consumption by the WIO model. The WIO model is much more suitable for the analysis of sustainable consumption than the conventional input-output model because it can deal with the disposal stage of consumed goods as well as the purchase and use stages. A simple method for evaluating income rebound effects is also introduced.
Introduction
Many claim that in order to address environmental problems, consumers will need to shift their lifestyles to a more sustainable pattern of consumption that causes less environmental impact than the current one. Meanwhile, technologies have been adopted that have smaller environmental effects when producing goods and services. By itself, though, "cleaner production" such as efficient use of energy in a factory and recycling of industrial waste is not sufficient to realize a sustainable society. Cleaner production by producers and sustainable consumption by consumers are explored together in the discussion of the sustainable society in the UNEP (2002) .
It is well known that direct and indirect (induced) effects must be appropriately evaluated to analyze environmental impacts of consumption patterns (see, for example, Herring and Roy [2002] ). Direct effects are emissions for which households are responsible directly, such as burning fuels at home, whereas indirect effects are emissions that households cause through products of goods-producing sectors and through activities of waste-treatment sectors induced by households' everyday life. With an input-output (IO) model, we can easily compute these indirect effects. Furthermore, the IO model has a clear system boundary that is typically the border of the nation or the region in question. Lenzen (1998) , Weber and Perrels (2000) , Jalas (2002) , and several other studies presented at the Life-Cycle Approaches to Sustainable Consumption Workshop in Laxenburg (Hertwich 2002) are notable examples of IO studies with similar motivations.
The waste input-output (WIO) model developed by Nakamura and Kondo (2002) is much more suitable for analyzing consumption patterns than the conventional IO model, for the following reasons. The WIO model is an extension of the Leontief environmental IO model and it provides a general framework of hybrid life-cycle assessment (LCA) in which special attention is paid to waste treatment and recycling. One of the distinguishing features of the WIO model, which is related to this article, is that the WIO model properly deals with both the flow of goods and the flow of waste in the economy. Because of this feature, the environmental emissions induced by household consumption can be modeled in a consistent manner, as is discussed in the following section.
A whole consumption process can be divided into three stages: purchase, use, and disposal. The conventional IO model, as well as the WIO model, is useful for evaluating the purchase stage of consumption because it is suited to taking upstream repercussions into account; but it cannot be applied straightforwardly to an assessment of a disposal stage that causes downstream repercussions, at least in its original form. The WIO model does not suffer from such a shortcoming because of its distinguishing feature mentioned above. Thus, it evaluates both the purchase and disposal stages properly, whereas the conventional IO model analyzes only the purchase stage.
In principle, evaluating the use stage is also possible by the IO model, as well as by the WIO model, because the use stage is quantitatively equivalent to the purchase stage for the consumption of energy, maintenance services, and other related utilities. It is, however, too hard to deal with the use stages of all goods and services because relevant data are not available for them. We carry out scenario analyses in the third section to illustrate how to model the interrelationships of the three stages; the scenarios themselves are also of empirical interest.
As is pointed out by many researchers (see, for example, Hertwich [2003] ), rebound effects should be considered in the analysis of sustainable consumption.
1 To compare two consumption patterns, where one is the current one and the other is alleged to be more sustainable, we must consider rebound effects, because even for a consumption pattern that seems to be more sustainable, a total reduction of emissions is not guaranteed with the rebound effect. We also propose a method with which we can easily evaluate income rebound effects assuming that total expenditure is fixed in the current and alleged sustainable consumption patterns.
The purpose of this article is to answer the following questions with the WIO model: (i) What is the contribution of each good and service to the overall environmental load? (ii) Which consumption pattern is more sustainable? (iii) How can we evaluate income rebound effects in the analysis of sustainable consumption?
This article proceeds as follows. In the next section, we briefly review the WIO model and modify it to analyze household consumption patterns, followed by an explanation of the rebound effects considered in this article. The third section discusses the empirical results of the current consumption pattern and three kinds of hypothetical consumption patterns. We close with conclusions and directions for further research.
The Model

The WIO Model
The WIO model is an extension of the conventional IO model. First, let us briefly review the WIO model . Let there be n I goods-and services-producing sectors (goods sectors), n II waste-treatment sectors and n W waste types. In the following discussion, x I and x II respectively denote an n I × 1 vector of outputs in goods sectors and an n II × 1 vector of outputs in waste-treatment sectors. Furthermore, X I,F and X II,F denote n I × 1 and n II × 1 vectors of the final demands for the goods and waste-treatment sectors, respectively. In the WIO model, there are equations for the outputs of goods sectors and activities of waste-treatment sectors,
(1)
where A I,I , A I,II A II,I , and A II,II denote matrices of input coefficients. For instance, A I,II is an n I × n II matrix whose elements contain intermediate demand for goods sectors per activity of each waste-treatment sector, and other input coefficient matrices are defined in a similar manner. In the WIO model, the outputs of wastetreatment sectors are measured in terms of waste amount treated by each sector. Let further G .,I and G .,II denote n W × n I and n W × n II matrices of net waste generation coefficients, which are defined as the differences between gross waste generation and waste feedstock per unit of output in each sector for each waste type. The vector W .,F of order n W refers to waste generated from the final demand sector. Then, equation (2) can be rewritten as
where S is an n II × n W constant matrix of the shares of waste treated by each of n II wastetreatment sectors. The (i, j ) component s ij of the allocation matrix S refers to the share of waste j , such as food waste and waste paper, which is treated by treatment method i , such as incineration and landfill. The shares of waste-treatment methods add up to unity for each type of waste; that is, i S ij = 1 for all j . Note that, with S, the following equalities hold:
Namely, by premultiplying the matrices of net waste generation from industries and the final demand sector by the allocation matrix S, the matrices of demand for waste-treatment sectors are obtained. Therefore, equations (1) and (3) can be rewritten and arranged as
where I n I +n II refers to the identity matrix of order n I + n II . The levels of output of goods sectors and activity of waste-treatment sectors are obtained by equation (5) given final demand for goods X I,F and waste from the final demand sector W .,F . Note that the inverse matrix of the right-hand side of equation (5) is the WIO counterpart of the Leontief inverse of the conventional IO model.
With the WIO model, we can evaluate direct and indirect (induced) emissions from the final demand. Let n E be the number of emissions. Let further R .,I and R .,II respectively denote n E × n I and n E × n II matrices of emissions per unit of output in goods sectors and waste-treatment sectors, and let the vector E .,F refer to the direct emissions from the final demand sector. The total emission e is given by
where the first term on the right-hand side of the equation refers to the emission associated with goods production and the second term refers to the emission from waste treatment. Equation (6) can be rewritten using equation (5), as
where the first term on the right-hand side of the equation refers to indirect emissions and the second term refers to direct emissions of the final demand sector. Equation (7) represents the relationship between the level of emissions, lifestyle (X I,F and W .,F ), technologies, and institutions (Rs, As, Gs, and S).
We have so far assumed that coefficient matrices are constant for simplicity. Even though the WIO model is based on the input-output relationships for goods sectors, the model contains the engineering process model of waste management developed by the research group at Hokkaido University (Tanaka and Matsuto 1998 ; Hokkaido University 1998) as a submodel. This is a distinguishing feature of the WIO model; it properly takes the "dynamics of waste treatment" into consideration, which refers to the fact that the amount of waste feedstock and its composition, such as the calorific value, water and ash content, and other aspects, have significant effects on the coefficient matrices representing inputoutput relationships of the waste-treatment sectors. We do, however, keep the assumption of fixed coefficients in the following to avoid mathematical complexity, although this feature of the WIO model is utilized in our empirical analyses. For further discussions about the WIO model, see Nakamura and Kondo (2002) .
Emissions from Household Consumption
In this section, we extend the WIO model to analyze direct and indirect environmental emissions from household demand. In order to focus on sustainable consumption by households, we first identify the contribution of households to the final demand for goods and services X I,F , to waste generation W .,F , and to environmental loads E .,F . The nonhousehold final demand sector includes investment, government consumption and welfare, and reception expenses by firms. Let X I,H , W .,H , and E .,H refer to the vectors of household demand for goods and services, waste generation from households, and households' direct emissions, respectively. Let (X I,H ) i be the ith element of the vector X I,H ; the same notation (·) i is applied to other vectors. When households purchase (X I,H ) i units of the ith good, they pay more than (X I,H ) i for it because retail prices or transactions valued at purchasers' prices contain trade margins and domestic transportation fees in addition to the values of goods themselves. Note that trade margins and transportation fees have corresponding industries in n I goods sectors. For example, the retail margin corresponds to the retail trade sector and the railway transportation fee corresponds to the railway transportation sector, which means that purchasing the ith good inevitably induces demand for retail trade, railway transportation, and other things. For example, Japanese household consumption of fish in 1995 is decomposed as in table 1. Households' fish consumption valued at purchasers' prices was 1,273 billion Japanese yen, whereas that valued at producers' prices was 616 billion yen, and trade margins and transportation fees added up to 657 billion yen.
We can represent household consumption of the ith good, accompanied by trade margins and transportation fees, as a vector Y (i ) of order n I . The vector has nonzero components at the position of the ith good (per se), trade margins, and transportation fees; that is,
where the superscript T refers to the transpose of the relevant vector. Note that (Y (i ) ) i = (X I,H ) i for goods other than trade-related sectors (wholesale and retail) and transportation sectors (railway, road, and others). Note also that the sum of the vectors Y (i ) for all i equals the household consumption vector X I,H . Household consumption valued at purchasers' prices 1,272,648
Source: Japanese input-output tables for 1995 (MCAGJ 1999) . Note: Million yen = million Japanese yen.
Likewise, let U (i ) and F (i ) represent vectors of waste generation and direct emissions, respectively, which inevitably arise with the consumption of the ith good. For the last example of fishery products, after we buy the goods at supermarkets, packages and containers that are brought back home with the goods become household waste. All fish bought by households, furthermore, are not eaten up and some parts of them ultimately become food waste. Note that consuming fish by itself does not generate emissions. Thus, household waste generation and direct emissions from the consumption of fishery products are as in table 2. The food waste comes from the leftovers; waste paper and waste plastics are from packaging.
The relationship between U (i ) 's and Y (i ) 's and the relationship between F (i ) 's and Y (i ) 's are expressed as
where the n W × n 1 matrix G .,H refers to the household waste per unit of the ith good's consumption, and the n E × n 1 matrix R .,H refers to the emissions per unit of demand for goods. In short, the vectors in equations (8) and (9) imply that consumption of goods inevitably induces trade margin, transportation fees, waste generation, and environmental emissions.
Similarly to equation (7), the household consumption of the ith good, Y (i ) , induces emissions Q i , which are
where the first term on the right hand side of the equation refers to indirect emissions and the second term refers to direct emissions from household consumption and disposal of the ith goods. Using the relationships in equation (9), equation (10) can be rewritten as
where an n E × n I matrix L is implicitly defined as the expression inside of the braces. All household consumption induces environmental loads Q that are obtained as the sum of all Q i 's; that is,
A typical scenario is such that households increase the consumption of one good, say good i , and meanwhile decrease another good, say good j . Our main concern in the scenario analyses is Source: Japanese waste input-output tables for 1995 . Note: One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; t-C = metric tons of carbon; one cubic meter (m 3 , SI) = 10 3 liters (L) ≈ 264.2 gallons (gal).
to compare the environmental loads of several consumption patterns. To evaluate the environmental emissions of a hypothetical consumption pattern, changing the amounts of only good i and good j is not sufficient because the trade margins, transportation fees, generation of waste, and direct emissions change in accordance with the consumption of good i and good j . For this reason, we set scenarios on the vectors Y (i ) , not on the scalars (Y (i ) ) i and (X I,H ) i . For the empirical analyses in the later sections, we apply this model to some scenarios utilizing the waste input-output table for Japan in 1995 , which has 80 goods sectors, 5 waste-treatment methods (incineration, landfill, bio-gasification, composting, and shredding), and 36 types of waste.
Rebound Effects
The issue of rebound effects were originally discussed in the literature on energy economics (Binswanger 2001) . In a typical example, rebound effects are associated with energy efficiency and energy use in the economy, which is described as follows. When energy efficiency of equipment, say air conditioners, rises, less energy is demanded, and the cost per unit of function of the equipment, air conditioning, drops (Berkhout et al. 2000) . Thus, consumers save some money that used to be spent on energy consumption, and they spend the savings on other goods. Additional consumption of other goods might consequently increase energy use and resource use. In other words, efficiency improvement might be less effective than expected, or might even result in increased consumption of energy and resources. Greening and colleagues (2000) provide a detailed classification of these rebound effects: direct rebound effects, secondary effects, economywide effects, and transformational effects in terms of energy use.
For sustainable consumption research, rebound effects could be defined in a similar manner. If consumers change their bundle of goods or consumption patterns, the new expenditure total is different from the old one in general. Thus, consumers spend the leftover on other goods, which might cause an increase in emission loads. This is a consequence of rebound effects. We call effects of this type "income" rebound effects to emphasize that they cover only some part of the direct rebound effects in the categories provided by Greening and colleagues (2000) . Price rebound effects, which are by definition another part of the direct rebound effects, are not dealt with in this article because the price change of goods is not considered in our model. The income rebound effects taken into account in this article are defined below.
Let X
I,H denote the current consumption bundle. Suppose the households' consumption pattern changes to X (s ) I,H in a direction that appears to be more sustainable, where the total amount of households' expenditures might rise or drop. Environmental loads induced by these consumption patterns can be obtained from equation (14) as
Suppose further that the new amount is smaller than the current one. Due to possible rebound effects, the comparison between Q (o) and Q (s ) is not sufficient for environmental evaluation of consumption bundles.
In order to incorporate the income rebound effects into the WIO model from the viewpoint of the environmental assessment of consumption
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Journal of Industrial Ecology patterns, we assume that households face a fixed budget as follows. We adjust the new consumption pattern so that it has the same total expenditure as the old consumption pattern,
which means that the leftover budget is allocated proportionally to all goods in the new consumption pattern. The environmental loads are obtained by This type of rebound effect could also be defined with time. Jalas (2002) considers the time rebound effect, which is a concept very similar to our income rebound effects. Because sustainable lifestyles such as shopping through the Internet save consumers' time, Jalas (2002) distributes noncontracted time to other activities. Analyses of these kinds by the WIO model would be possible if sufficient data on time use connected to various goods and services were available.
Empirical Results and Case Studies
Empirical Results
In the analysis below, we account for the environmental loads from domestically induced production of goods and waste treatment in Japanese industries. Although we derived the model as if we ignored the imports in the preceding section for simplicity, the input coefficients A and final demand X I,F are multiplied by the (1 -import coefficient) for each sector. The import coefficient represents the percentage of domestic demand for imported products in the total domestic demand for each sector. Therefore, the analyses consider the generation of environmental emissions caused by Japanese households' consumption inside Japan.
As environmental loads, we consider the carbon dioxide (CO 2 ) emissions in weight (tonnes of carbon [t-C]) and landfill consumption in volume (cubic meters [m 3 ]). 2 Fewer environmental indicators are used than in typical LCA studies, but the number of environmental loads in the WIO model is not limited in principle. Other indicators are not taken into account in our analysis due to lack of reliable data. 3 We regard CO 2 emissions as a proxy, or a first approximation, of greenhouse gas impact; we assume that an inputoutput structure that is the same as the Japanese one prevails in relevant foreign countries. Meanwhile, landfill consumption itself is regarded as an impact because it is a scarce resource, at least in Japan, if reclaiming of a closed landfill site is technologically excluded in the foreseeable future. In addition, because CO 2 emissions and landfill demand are outputs to the environment, the "sum" of these could be regarded as a proxy for the total throughput of the economy, in the terminology of materials flow analysis.
It should be noted that the CO 2 emission in the WIO table includes that originating from burning fossil fuels and that from nonfuel, limestone through cement manufacturing; this is based on the work of Nansai and colleagues (2002) . As part of the CO 2 emissions, we also count the global warming potential over 100 years (GWP100) CO 2 -equivalent value of methane (CH 4 ) originating from biomass fermenting at landfill sites and the GWP100 CO 2 -equivalent value of chlorofluorocarbons (CFCs) coming from shredded end-of-life refrigerators and air conditioners.
Households' direct emission F (i ) is, accordingly, a 2 × 1 vector. The components of the vector are the direct CO 2 emission and the direct landfill volume from household consumption. It is noteworthy that the households' direct landfill (F (i ) ) landfill is zero for all i because only the landfill sector consumes landfill sites in the WIO model. For the direct CO 2 emissions, (F (i ) ) CO2 has nonzero values for fossil fuels such as gasoline, kerosene, diesel oil, liquefied petroleum gas (LPG), and mains gas, whereas it has a value of zero for others. Table 3 shows the direct household CO 2 emissions from the household consumption of fossil fuels in Japan in 1995. The direct household CO 2 Sources: Japanese input-output tables for 1995 (MCAGJ 1999); Nansai et al. (2002) . Note: LPG = liquefied petroleum gas; billion yen = billion Japanese yen; 10 3 t-C = thousand metric tons of carbon; g-C/yen = grams of carbon per Japanese yen. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; one gram = 10 −3 kilograms (kg, SI) ≈ 0.035 ounces (oz). a Valued at purchasers' prices. emissions were 41 million t-C. Because 45% of the direct CO 2 emission comes from gasoline, a consumption shift such as reducing gasoline consumption seems to be a more sustainable consumption pattern. The total (direct and indirect) CO 2 emissions induced by household demand were 186 million t-C. Table 4 shows total CO 2 emissions due to household consumption. The first two columns give household consumption valued at purchasers' and producers' prices (million yen), respectively. The third column gives total CO 2 emissions induced by household consumption (10 3 t-C), and the fourth column gives the total CO 2 emissions for each household consumption category valued at purchasers' prices (grams of carbon per yen [g-C/yen]). 4 Note that goods with no household consumption are not listed among the 80 goods sectors.
The petroleum refinery products sector (#18) has the largest CO 2 emission, which is 21.0% of the total emissions. The contributions of electric power (#40), other services (#55), and foods (#7) are relatively larger than those of other sectors. In terms of CO 2 emissions per unit of consumption, cement (#24) makes the largest contribution, yet household consumption of cement products is minuscule, at just 0.00003% of total household expenditure.
We classified the 56 sectors by the purpose for which the goods are used in our life. Figure 1 shows the share of the goods group that induce CO 2 emissions. Direct CO 2 emissions from using fossil fuel have a 22.3% share of total CO 2 emissions. Meanwhile, indirect CO 2 emissions of fossil fuel (petroleum and coal) and utilities have 1.7% and 17.5% shares of the total CO 2 emitted due to households, respectively. It is obvious that household energy makes the largest contribution to CO 2 emissions, which indicates that reducing energy consumption is an obvious direction for sustainable consumption.
The total use of landfill volume induced by household consumption was 52 million m 3 . Note that the direct household landfill is zero because only the landfill sector uses landfill sites. The fifth column of table 4 is the landfill consumption volume induced by household consumption (10 3 m 3 ), and the last column is landfill volume per household consumption valued at purchasers' prices (10 −6 m 3 /yen). The goods sectors such as agriculture (#1), miscellaneous stone and clay products (#25), rolled and drawn aluminum (#28), cement (#24), and nonferrous metal castings and forgings (#29) have negative induced landfill. The negative inducement signifies that these sectors recycle more waste from other sectors than the sectors in question generate. For instance, agriculture (#1) accepts animal waste from the livestock sector (#2), which saves landfill demand in the economy. Thus, household consumption of vegetables, belonging to agriculture (#1), induces negative landfill.
The beverage, feeds, and tobacco sector (#8) has the largest indirect landfill, which is 28.1% of the total landfill consumption. The contributions of passenger motor cars (#35), foods (#7), and other services (#55) are relatively larger than those of other sectors, whereas heat supply (#42), as well as the gravel and crushed stones sector (#5), makes a large contribution to landfill in terms of emission per unit of consumption.
In the following section, we apply these environmental loads per household consumption of each good to the hypothetical consumption patterns. We also evaluate the income rebound effect in each scenario.
In reality, consuming a fish, for example, also requires the gas supply for cooking it, which emits CO 2 . Gas is used for many purposes in a household: bathing, cooking, heating, and others. We could allocate this energy consumption to goods sectors that would be components of Y (i ) if sufficient information, such as the share of the gas supply consumed in cooking fish, were obtained. Due to data availability, consumption of energy, electricity, gasoline, and other sources is added up by each type of energy. In other words, the connection between purchase and waste disposal stages is taken into account, but the purchase and use stages of goods are not directly connected in this article. This issue remains to be researched. Later in scenario analyses, we consider changes of energy consumption that are related to the hypothetical consumption patterns.
Case 1: Shifting Modes of Transportation
Consider the case where consumers replace 10% of transportation by car with transportation by railway. The demands for transportation by car and by railway in Japan in 1995 were 820 and 400 billion person-kilometers (person-km), respectively (MLITGJ 2003) .
5 Thus 10% of passenger transportation by car (82 billion personkm) is equivalent to 20.5% of that by railway (400 billion person-km × 20.5% = 82 billion personkm). Then, we estimate increases and decreases in demands for goods, generation of waste, and direct environmental emissions related to this scenario as in table 5. 6 In the purchase stage, the scenario is expressed as a 10% decrease of passenger motor cars (#35) and trucks, buses, and other cars (#36) and a 20.5% increase of railway transport (#47). To account for the use stage of passenger cars, the demand for gasoline and diesel oil that belongs to petroleum refinery products (#18) and repair of motor vehicles (#52) is decreased by 10% in the scenario. Because the share of gasoline and diesel oil is 82.7% of petroleum refinery products (#18), the demand for petroleum refinery products decreases by only 8.3%. Note Note: 10 3 t = thousand metric tons; 10 3 t-C = thousand metric tons of carbon. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons. a Valued at producers' prices.
that the hypothetical change is accompanied by changes of trade margins and transportation fees as in table 5. We evaluate this change in consumption pattern as in equation (14). The change in consumption pattern, replacing transportation by car with transportation by railway, decreases the total CO 2 emission by 3,381 × 10 3 t-C (1.82%) and the landfill demand by 630 × 10 3 m 3 (1.21%). Our hypothetical consumption amounts to 265,613 billion yen. It is 0.996 of the current household consumption of 266,584 billon yen. Therefore, environmental loads of the hypothetical consumption should be multiplied by the reciprocal of 0.996 to compare consumption patterns Note: Percentages give the change's impact in relation to Japan's total CO 2 emission/landfill consumption. RE = rebound effect. 10 3 t-C = thousand metric tons of carbon; 10 3 m 3 = thousand cubic meters. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; one cubic meter (m 3 , SI) = 10 3 liters (L) ≈ 264.2 gallons (gal).
appropriately, that is, with the income rebound effects. With the rebound effects considered, the hypothetical change in consumption pattern decreases CO 2 emission by 2,714 × 10 3 t-C (1.46%) and landfill by 442 × 10 3 m 3 (0.85%) compared with the current consumption pattern. The consequences of the income rebound effects of this hypothetical change are 667 × 10 3 t-C for CO 2 emission and 188 × 10 3 m 3 for landfill demand. These results are summarized in table 6. Even if there are positive rebound effects for both CO 2 and landfill, the scenario consumption pattern is more sustainable in terms of environmental loads considered in this analysis. In calculations both with and without the rebound effects, both Note: 10 3 t = thousand metric tons; 10 3 t-C = thousand metric tons of carbon. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons. a Valued at producers' prices.
CO 2 emission and landfill consumption decrease in this scenario. Accordingly, a shift in the transportation modes from cars to trains indicates a trend for sustainable consumption. Let us move to another transportation scenario. Consider the case where consumers replace 10% of transportation by car with transportation by bus in lieu of railway. The household demand for transportation by bus was 97 billion person-km in Japan in 1995 (MLITGJ 2003) . Thus 10% of passenger transportation by car (82 billion person-km) equaled 84.3% of passenger transportation by bus (97 billion person-km × 84.3% = 82 billion person-km). Then, we estimate increases and decreases in demands for Note: Percentages give the change's impact in relation to Japan's total CO 2 emission/landfill consumption. RE = rebound effect. 10 3 t-C = thousand metric tons of carbon; 10 3 m 3 = thousand cubic meters. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; one cubic meter (m 3 , SI) = 10 3 liters (L) ≈ 264.2 gallons (gal).
goods, generation of waste, and direct environmental loads related to this scenario as in table 7. This change in the consumption pattern, replacing transportation by car with transportation by bus, decreases the total CO 2 emission by 1,950 × 10 3 t-C (1.05%) as well as landfill by 629 × 10 3 m 3 (1.21%). The consumption in this scenario totals 266,016 billion yen, which is 0.998 of the total current consumption. The consequences of the rebound effects of this scenario are 392 × 10 3 t-C for CO 2 emission and 110 × 10 3 m 3 for landfill, which are comparatively smaller than the decrease of these environmental loads induced by the current and scenario consumption patterns. Note: 10 3 t = thousand metric tons; 10 3 t-C = thousand metric tons of carbon. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons. a Valued at producers' prices.
seen that shifting modes of transportation from car to bus is also a more sustainable consumption pattern than the current one, both with and without the income rebound effects.
Case 2: Longer Use of Household Electric Appliances
It is sometimes claimed that if we use electric appliances longer, environmental loads as a whole decrease because of less production and disposal of these goods. We proceed to consider the case where consumers use household electric Note: Percentages give the change's impact in relation to Japan's total CO 2 emission/landfill consumption. RE = rebound effect. 10 3 t-C = thousand metric tons of carbon; 10 3 m 3 = thousand cubic meters. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; one cubic meter (m 3 , SI) = 10 3 liters (L) ≈ 264.2 gallons (gal).
appliances 0.5 times longer. The 0.5 times longer lifetime use of household electric appliances is equivalent to a 1,794 billion yen (33.3%) decrease in demand for these appliances (#33) in Japan in 1995. This change is accompanied by a 49 billion yen (50.0%) increase in demand for repair of machines (#53) because we assume that the longer we use these appliances, the higher the failure rate becomes at this point in the appliance life. Related changes to trade margins, transportation fees, and wastes generation are as in table 9. A noteworthy point is that the direct CO 2 emissions do not change because no change Note: 10 3 t = thousand metric tons; 10 3 t-C = thousand metric tons of carbon. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons. a Valued at producers' prices.
in fossil fuel consumption is involved in this scenario. Note also that waste paper comes from the packaging of the appliances. Applying these changes to equation (14), we can see that this consumption pattern decreases total CO 2 emission by 1,656 × 10 3 t-C (0.89%) and landfill by 607 × 10 3 m 3 (1.17%), compared with the current consumption pattern. Table 10 summarizes the results. This scenario's consumption totals 266,584 billion yen, which is 0.989 of the current consumption total. Unlike the transportation scenarios, the result of the analysis with the income rebound effect differs from the one without it in terms of CO 2 emissions. Because the consequence of the rebound effect is much larger than the reduction of CO 2 from the new consumption pattern, the 0.5 times longer lifetime use of household electric appliances turn out to be less sustainable when the income rebound effects are considered in terms of the CO 2 emissions. In the meantime, in terms of landfill consumption, the scenario is still more efficient both with and without considering the rebound effects.
In the real world, up-to-date household electric appliances tend to be more energy-efficient than old ones. In this scenario, we assume that consumers will patiently continue to use the functionally outdated appliances longer. This might cause more emission loads through increased electricity demand. It is possible that the additional electricity demand offsets the reduction of Note: Percentages give the change's impact in relation to Japan's total CO 2 emission/landfill consumption. RE = rebound effect. 10 3 t-C = thousand metric tons of carbon; 10 3 m 3 = thousand cubic meters. One metric ton (t) = 1,000 kilograms (kg, SI) ≈ 1.10 short tons; one cubic meter (m 3 , SI) = 10 3 liters (L) ≈ 264.2 gallons (gal).
CO 2 in this scenario even without the income rebound effects shown in table 10. Thus, there are some limitations due to the static feature of the model, even though we take failure rate increases according to time into account through the increase of repair demand.
Case 3: Eating at Restaurants
It is also said that cooking at restaurants is more environmentally friendly than cooking at home because energy utilization in large kitchens is more efficient than in small ones. Consider the case where households decrease 10% of cooking at home and increase eating at restaurants instead. The household consumption of cooking ingredients was 28,511 billion yen in Japan in 1995 (MCAGJ 1999) . In the meanwhile, 5,876 billion yen cooking ingredients were input into the eating and drinking place sector (#54). If the household demand for cooking ingredients decreases by 10%, and the equivalent meals are eaten at restaurants, the eating and drinking place sector (#54) inputs additional cooking ingredients of 2,851 billion yen, which makes the household demand for eating and drinking places (#54) increase by 1.49 times (= 8,727/5,876) . In household fuel and utility consumption, 14.3% of coal in other mining (#6), 11.0% of kerosene and 19.8% of LPG in petroleum refinery products (#18), 3.4% of electric power (#40), 16.1% of the gas supply (#41), and 25.0% of the water supply (#43) are used in kitchens and 25.0% of sewage disposal (#44) results from kitchen activity (Institute of Energy Economics, Japan 2000). These energy and water supplies for cooking decrease by 10% in the scenario. Note that forestry (#3) includes hunting and mushrooms, and that in this scenario, generation of waste such as containers, packages, and glass bottles also decreases because less cooking ingredients are purchased by households. Thus, we set increases and decreases of demands for goods, generation of waste, and direct emissions related to this scenario as in table 11.
The calculated environmental loads are shown in table 12. The change in this consumption pattern, replacing 10% of cooking at home with eating at restaurants, increases total CO 2 emission by 557 × 10 3 t-C (0.30%), whereas landfill decreases by 154 × 10 3 m 3 (0.30%). Contrary to the aim of sustainable consumption, eating at restaurants is less sustainable in terms of the total CO 2 emission if we take no notice of the income rebound effect. Unlike other scenarios, a negative effect from the income rebound effects is obtained, because this scenario consumption pattern, eating at restaurants, is more expensive than the current consumption pattern. The scenario consumption totals 268,773 billion yen, which is 1.008 of the current consumption. The consequence of the rebound effects is negative, −1,517 × 10 3 t-C for total CO 2 emissions and −422 × 10 3 m 3 for landfill consumption. With the rebound effect, the hypothetical consumption pattern turns out to be more environmentally friendly than the current one in terms of both total CO 2 emissions and landfill consumption.
Conclusions
In this article, we proposed a method for evaluating direct and indirect environmental loads from household consumption with the WIO model. We also proposed a simple method for evaluating the income rebound effects. Using the Japanese WIO table, we calculated the CO 2 emission and landfill consumption induced by the household consumption of each good. Based on that calculation, we evaluated these environmental loads induced by Japanese households' consumption. The model described the relationship between the purchase and disposal stages of consumption properly, although it could have dealt with the use stage of consumption for all goods if sufficient data were available for the use stage. The model was applied to several sustainable consumption scenarios, which include scenarios on the use stages of utility and fuel products as well as the purchase and disposal stages of all goods.
The analyses of the hypothetical consumption patterns related to transportation modes indicated that these scenario consumptions are more sustainable both with and without the income rebound effects. We have found that the income rebound effects should be considered to choose more sustainable consumption patterns. The results in the longer use of household electric appliances scenario and the eating at restaurants scenario in terms of total CO 2 emissions with and without considering the income rebound effects have been different. In the scenario of eating at restaurants, we have come across a negative effect of income rebound effects.
To conclude the article, we discuss a few directions for future research. Taking environmental impacts other than CO 2 and landfill consumption into consideration is one of the remaining issues to be researched. In addition, accounting for the three stages of consumption jointly as well as building relevant databases for each stage also awaits further research. The scenario analyses carried out in this article were static ones. Technological progress in production and waste treatment has dynamic aspects in reality, as was mentioned in the previous section. The extension of the model in the time dimension is equally eagerly awaited.
